Abstract: A mixture of the environmentally friendly biosurfactants rhamnolipids and sophorolipids was used as a source of micelles in this study. The Box-Behnken design and response surface methodology was used to investigate the influence of factors on micellar-enhanced ultrafiltration (MEUF). Simulated Cd-containing wastewater was used for testing. Based on single-factor experiments, the initial Cd 2+ concentration, biosurfactant mixing ratio (α) and pH were chosen as influential variables, and both the Cd 2+ rejection coefficient and permeation flux were used as responses. A predictive model based on a quadratic polynomial regression equation was established to determine the optimized enhanced ultrafiltration conditions for Cd. The results show that the regression equation is extremely significant and fits the data accurately. The optimal enhanced ultrafiltration conditions are as follows: initial Cd 2+ concentration of 10.0 mg/L, α of 0.30 and pH of 9.58. Under these conditions, the rejection coefficient and the permeation flux of Cd 2+ are 99.14% and 37.36 L/m 2 ·h, respectively. The experimental results confirm that the experimental values agree well with the values predicted by the model. Further, these results provide theoretical support for using MEUF to treat heavy metal-containing wastewater when biosurfactants are used for micelle formation.
Introduction
With increasing industrialization, cadmium (Cd) has become widely used in various fields, including mining, metal working, electroplating and paint manufacturing [1] . As a persistent pollutant, Cd persists for a very long time after entering water bodies [2, 3] . Cd also harms human health through accumulation in food chains [4, 5] . The common treatment methods for heavy metal ions in aqueous solutions include adsorption [6] [7] [8] [9] , bio-based methods [10] [11] [12] , membrane separation techniques [13] [14] [15] , electrolysis [16, 17] and chemical precipitation [12, 18] . Among these, micellar-enhanced ultrafiltration (MEUF), one of the membrane separation techniques, has received recent attention because it has the advantages of low energy consumption, easy operation, high permeation flux and high removal efficiency [1] . This technique removes heavy metal ions by adding surfactants to wastewater to form micelles that heavy metal ions in water adsorb or bind to, and thus enhanced ultrafiltration (MEUF), one of the membrane separation techniques, has received recent attention because it has the advantages of low energy consumption, easy operation, high permeation flux and high removal efficiency [1] . This technique removes heavy metal ions by adding surfactants to wastewater to form micelles that heavy metal ions in water adsorb or bind to, and thus are retained by ultrafiltration membranes. The performance of the MEUF process may be influenced by some dominant factors including surfactant concentration, pH of solution and operating pressure of the process [19] . Currently, the surfactants used in MEUF are generally chemical in nature [20, 22, 24] . However, chemical surfactants have the shortcomings of high critical micelle concentrations (CMCs), the need to use large amounts for functionality and a high possibility of introducing secondary pollution, which restrict the promotion and application of MEUF. Although biosurfactants feature low CMCs and no secondary pollution, there are very few studies of their application in MEUF [23, 24] . Therefore, this work uses a mixture of the environmentally friendly biosurfactants rhamnolipids and sophorolipids as a source of micelles and investigates their effect on the ultrafiltration of Cd. In addition, the Box-Behnken response surface is used to optimize the ultrafiltration conditions with the aim of providing theoretical support for using MEUF to treat heavy metal-containing wastewater when rhamnolipids and sophorolipids are used for micelle formation.
Materials and Methods

Experimental Setup
The experimental setup is shown in Figure 1 . This includes a membrane pump, a pipeline, a pressure gauge and an ultrafiltration membrane. The equipment's technical parameters and the main performance parameters of the ultrafiltration membrane are shown in Tables 1 and 2 , respectively. 
Experimental Methods
Specified amounts of the biosurfactants, rhamnolipids and sophorolipids were weighed and added to simulated Cd-containing wastewater. After stirring with a magnetic stirrer on a hot plate, 
Specified amounts of the biosurfactants, rhamnolipids and sophorolipids were weighed and added to simulated Cd-containing wastewater. After stirring with a magnetic stirrer on a hot plate, the solution was left standing for 20 min and then ultrafiltered. The simulated wastewater entered the membrane assembly through the membrane pump. The concentrated solution flowed back to the feed chute for ultrafiltration, and the filtrate was collected in a special container to measure the permeation flux. An appropriate amount of filtrate was collected to measure the Cd concentration.
Box-Behnken Response Curve Design
Box-Behnken designs have served as a popular choice for second-order models, and have been widely used in completely randomized experiments, split-plot experiments and within the robust parameter design setting [25] . By choosing three different levels of the initial Cd 2+ concentration, the mixing ratio of biosurfactants (α: the ratio of the sophorolipid concentration to the total surfactant concentration) and pH and using the rejection coefficient and permeation flux of Cd 2+ as the two indexes, Minitab 16 was used to design the Box-Behnken response curve experiments. The three different levels of influential variables are shown in Table 3 . 
Sample Measurements and Calculation
1. The Cd 2+ concentration of the wastewater was measured using an inductively coupled plasma optical emission spectrometer (PE ICP-OES Optima 7000DV).
2. The rejection coefficient was calculated using the following equation:
where C p is the concentration of pollutants in the filtrate (mg/L), C f is the concentration of pollutants in the feed solution (mg/L), and R is the rejection coefficient for the pollutants. 3. The permeation flux was calculated using the following equation:
where Q is the volume of filtrate (L), ∆t is the running time (h), A is the area of the ultrafiltration membrane (m 2 ), and J is the permeation flux (L/m 2 ·h).
Results and Analysis
Analysis of the Cd 2+ Rejection Coefficient
The experiments were conducted according to the Box-Behnken response surface design. The experimental and predicted values of the Cd 2+ rejection coefficient (R Cd ) are shown in Table 4 . Table 4 shows that the maximum experimental value of the Cd 2+ rejection coefficient was 99.8%, which is close to the predicted value, indicating that the design of the Box-Behnken response surface is reasonable and scientific.
Minitab 16 was used to fit the experimental values of the Cd 2+ rejection coefficient to obtain a complete quadratic regression model for the relationship among the Cd 2+ rejection coefficient (R Cd ) and the initial Cd 2+ concentration, the biosurfactant mixing ratio (α) and the pH, that is,
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The regression equation shows that the Cd 2+ concentration had a negative effect on the Cd 2+ rejection coefficient, while α and pH had positive effects on the Cd 2+ rejection coefficient. These results indicate that the larger α and the pH are, the better the effect on the Cd 2+ rejection coefficient is, and the greater the Cd 2+ concentration is, the worse the effect on the Cd 2+ rejection coefficient is. Various statistical parameters are presented in Table 5 for analysis of the results related to the Cd 2+ rejection coefficient. The F values in Table 5 show that the factors' impacts on R Cd are in the following order: α < Cd 2+ concentration < pH. The P value is the probability value used to specify the statistically significant effects in the model. The P values of each item in Table 5 show that the effect of the pH on R Cd is extremely significant, whereas the effects of the Cd 2+ concentration and α on R Cd are insignificant, and the effect of the interaction between the Cd 2+ concentration and the pH on R Cd (AC) is significant. The similar rule has been observed in previous experiments on mono-rhamnolipid micelles using MEUF [24] . Note: P < 0.05 indicates that this item is significant and is denoted by "*", P < 0.01 indicates that the item is extremely significant and is denoted by "**". A is the Cd 2+ concentration; B is the ratio of the sophorolipid concentration to the total surfactant concentration (α); C is the pH; AC represents the interaction of the Cd 2+ concentration (A) and the pH (B), and AB and BC are similarly defined; A 2 is the quadratic term of the Cd 2+ concentration (A), and B 2 and C 2 are similarly defined.
Using the quadratic regression model, surface and isoline plots (Figures 2-4) can be drawn to investigate the effects of the three factors (A, B and C) and their interactions (AB, AC and BC) on the Cd 2+ rejection coefficient. Figure 2 shows that the interaction of the Cd 2+ concentration and α is insignificant when the pH is 7; α has a smaller effect on R Cd than the Cd 2+ concentration does; and R Cd decreases as the Cd 2+ concentration increases. Figure 3 shows that the interaction of the Cd 2+ concentration and the pH (AC) is significant when α is held at 0.175, and the optimum point is a Cd 2+ concentration of approximately 13.2 mg/L at a pH of 8.7, where the Cd 2+ rejection coefficient exceeds 98%. Figure 4 shows that the interaction of α and the pH (BC) is insignificant when the Cd 2+ concentration is held at 25 mg/L; the pH has a greater effect on the Cd 2+ rejection coefficient than α, and the Cd 2+ rejection coefficient increases with the pH.
Cd 2+ rejection coefficient. The F values in Table 5 show that the factors' impacts on RCd are in the following order: α < Cd 2+ concentration < pH. The P value is the probability value used to specify the statistically significant effects in the model. The P values of each item in Table 5 show that the effect of the pH on RCd is extremely significant, whereas the effects of the Cd 2+ [24] .
Using the quadratic regression model, surface and isoline plots (Figures 2-4) can be drawn to investigate the effects of the three factors (A, B and C) and their interactions (AB, AC and BC) on the Cd 2+ rejection coefficient. Figure 2 shows that the interaction of the Cd 2+ concentration and α is insignificant when the pH is 7; α has a smaller effect on RCd than the Cd 2+ concentration does; and RCd decreases as the Cd 2+ concentration increases. Figure 3 shows that the interaction of the Cd 2+ concentration and the pH (AC) is significant when α is held at 0.175, and the optimum point is a Cd 2+ concentration of approximately 13.2 mg/L at a pH of 8.7, where the Cd 2+ rejection coefficient exceeds 98%. Figure 4 shows that the interaction of α and the pH (BC) is insignificant when the Cd 2+ concentration is held at 25 mg/L; the pH has a greater effect on the Cd 2+ rejection coefficient than α, and the Cd 2+ rejection coefficient increases with the pH. Cd 2+ rejection coefficient. The F values in Table 5 show that the factors' impacts on RCd are in the following order: α < Cd 2+ concentration < pH. The P value is the probability value used to specify the statistically significant effects in the model. The P values of each item in Table 5 show that the effect of the pH on RCd is extremely significant, whereas the effects of the Cd 2+ concentration and α on RCd are insignificant, and the effect of the interaction between the Cd 2+ concentration and the pH on RCd (AC) is significant. The similar rule has been observed in previous experiments on mono-rhamnolipid micelles using MEUF [24] .
Using the quadratic regression model, surface and isoline plots (Figures 2-4) can be drawn to investigate the effects of the three factors (A, B and C) and their interactions (AB, AC and BC) on the Cd 2+ rejection coefficient. Figure 2 shows that the interaction of the Cd 2+ concentration and α is insignificant when the pH is 7; α has a smaller effect on RCd than the Cd 2+ concentration does; and RCd decreases as the Cd 2+ concentration increases. Figure 3 shows that the interaction of the Cd 2+ concentration and the pH (AC) is significant when α is held at 0.175, and the optimum point is a Cd 2+ concentration of approximately 13.2 mg/L at a pH of 8.7, where the Cd 2+ rejection coefficient exceeds 98%. Figure 4 shows that the interaction of α and the pH (BC) is insignificant when the Cd 2+ concentration is held at 25 mg/L; the pH has a greater effect on the Cd 2+ rejection coefficient than α, and the Cd 2+ rejection coefficient increases with the pH. 
Analysis of Permeation Flux
The experiments were conducted according to the Box-Behnken design (the response surface design). The experimental and predicted values of the permeation flux (J) are shown in Table 6 . 
The regression equation shows that the Cd 2+ concentration and α had a negative effect on the permeation flux (J), while the pH had a positive effect on J. The results indicate that the higher the pH is, the higher the membrane flux is; the larger the Cd 2+ concentration and α are, the smaller the membrane flux is.
According to the F values in Table 7 , the factors' impacts on the permeation flux are in the following order: Cd 2+ concentration < α < pH. In addition, the P values in Table 8 show that the effects of α and the pH on J are extremely significant; the effect of the Cd 2+ concentration on J is insignificant; that the effects of the quadratic terms (A 2 , B 2 and C 2 ) of the Cd 2+ concentration α and the pH on J are extremely significant and that the effects of the interactions between the Cd 2+ concentration and α (AB), and between α and the pH (BC), on J are very significant.
Using the quadratic regression model, the surface and isolines (Figures 5-7) can be drawn to investigate the effects of the three factors and their interactions on the permeation flux. Figure 5 shows that the interaction between the Cd 2+ concentration and α (AB) is significant when the pH is kept at 7; when the Cd 2+ concentration is 10-19.5 mg/L and α is greater than 0.24, the permeation flux is greater than 22.5 L/m 2 ·h. Figure 6 shows that the interaction between the Cd 2+ concentration and the pH (AC) is insignificant when α is kept at 0.175; the pH has a greater effect on the permeation flux than the Cd 2+ concentration does, and the permeation flux increases with the pH. Figure 7 shows that the interaction between α and the pH (BC) is significant when the Cd 2+ concentration is kept at 25 mg/L; α has a smaller effect on the permeation flux than the pH does, and J is greater than 20 L/m 2 ·h when the pH is above 8.6. Note: P < 0.05 indicates that the item is significant and is denoted by "*", P < 0.01 indicates that the item is extremely significant and is denoted by "**". A is the Cd 2+ concentration; B is the ratio of the sophorolipid concentration to the total surfactant concentration (α); C is the pH; AC represents the interaction of the Cd 2+ concentration (A) and the pH (C), and AB and BC are similarly defined; A 2 is the quadratic term for the Cd 2+ concentration (A), and B 2 and C 2 are similarly defined. .00 R 2 = 0.995 Note: P < 0.05 indicates that the item is significant and is denoted by "*", P<0.01 indicates that the item is extremely significant and is denoted by "**". A is the Cd 2+ concentration; B is the ratio of the sophorolipid concentration to the total surfactant concentration (α); C is the pH; AC represents the interaction of the Cd 2+ concentration (A) and the pH (C), and AB and BC are similarly defined; A 2 is the quadratic term for the Cd 2+ concentration (A), and B 2 and C 2 are similarly defined.
Linear
Using the quadratic regression model, the surface and isolines ( Figures 5-7) can be drawn to investigate the effects of the three factors and their interactions on the permeation flux. shows that the interaction between the Cd 2+ concentration and α (AB) is significant when the pH is kept at 7; when the Cd 2+ concentration is 10-19.5 mg/L and α is greater than 0.24, the permeation flux is greater than 22.5 L/m 2 ·h. Figure 6 shows that the interaction between the Cd 2+ concentration and the pH (AC) is insignificant when α is kept at 0.175; the pH has a greater effect on the permeation flux than the Cd 2+ concentration does, and the permeation flux increases with the pH. Figure 7 shows that the interaction between α and the pH (BC) is significant when the Cd 2+ concentration is kept at 25 mg/L; α has a smaller effect on the permeation flux than the pH does, and J is greater than 20 L/m 2 ·h when the pH is above 8.6.
Prediction and Validation of Optimum Filtration Conditions
The response optimizer in Minitab 16 was used to examine the responses of the Cd 2+ rejection coefficient and the permeation flux simultaneously. The weight and degree of importance of each index was set to 1 and the optimization results are shown in Table 8 . Table 8 shows that when the Cd 2+ concentration is 10.0 mg/L, α is 0.30 and the pH is 9.58, the Cd 2+ rejection coefficient and the permeation flux are optimized simultaneously; the optimized composite desirability is 1.00. To further validate the reliability of the model's predictions, the optimized operating conditions were used to conduct experiments. For convenience in actual operation, the Cd 2+ concentration was set to 10.0 mg/L, α was set to 0.30, and the pH was set to 9.5 in the experiments. The measured Cd 2+ rejection coefficient and the permeation flux were 98.74 % and 
The response optimizer in Minitab 16 was used to examine the responses of the Cd 2+ rejection coefficient and the permeation flux simultaneously. The weight and degree of importance of each index was set to 1 and the optimization results are shown in Table 8 . Table 8 shows that when the Cd 2+ concentration is 10.0 mg/L, α is 0.30 and the pH is 9.58, the Cd 2+ rejection coefficient and the permeation flux are optimized simultaneously; the optimized composite desirability is 1.00. To further validate the reliability of the model's predictions, the optimized operating conditions were used to conduct experiments. For convenience in actual operation, the Cd 2+ concentration was set to 10.0 mg/L, α was set to 0.30, and the pH was set to 9.5 in the experiments. The measured Cd 2+ rejection coefficient and the permeation flux were 98.74 % and 37.02 L/m 2 ·h, respectively. The relative error was no greater than 1%, and the experimental values were close to the predicted values, which indicates that the optimization model used in the paper is very reliable.
Conclusions
This work uses a mixture of the environmentally friendly biosurfactants rhamnolipids and sophorolipids as a source of micelles and investigates their effect on the ultrafiltration of Cd. Furthermore, this work optimizes the ultrafiltration conditions by using the Box-Behnken response surface, and provides theoretical support for using MEUF to treat heavy metal-containing wastewater when biosurfactants are used for micelle formation. The main conclusions are as follows:
(1) Interactions among the three factors (the initial Cd 2+ concentration, the ratio of biosurfactants (α) and the pH) affect the enhanced ultrafiltration of Cd 2+ , and the significance of their effects on the rejection coefficient follows the order α < Cd 2+ concentration < pH. The degree of impact on the permeation flux follows the order Cd 2+ concentration < α < pH. 
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